In this study, COPAM (Combined Optimization and Performance Analysis Model) software revealing optimum design possibilities and performance analysis of pressurized irrigation systems, was applied to on-demand pressurized irrigation system in Uludag University Agricultural Application and Research Centre, Bursa, Turkey. The system reliability, hydrant pressure heads, upstream elevation, discharges and pipe diameters related to this irrigation system were analyzed with COPAM software which have a variety of analysis tools. Analysis results showed that there were no deficiencies of performance in the hydrant level of the examined system. Furthermore, pipe diameters of the existing irrigation network were recalculated with COPAM as an alternative scenario and the system performance was reanalyzed based on the new pipe diameters obtained. As a result of this analysis, it wasn't seen any difference in the system performance, although total pipe cost was reduced by 16%. 
Introduction
It is known that pressurized irrigation systems have more advantages compared with open channels commonly used in irrigated agriculture. Pressurized irrigation systems provide more productive use of water at farm level and keep losses at minimum level (Barutçu & Özcan 2011) . Therefore, more area can be irrigated with the same amount of water and the measurement of the amount of water conveyed with these systems can be performed more easily and correctly.
On-demand is mostly preferred as operating method for pressurized irrigation systems, because it is based on conveying water to the irrigated area continuously. The system is based on the principle to provide the required amount of water to irrigation networks within appropriate time. These systems can keep water continuously in the valves of piped systems. The advanced technology is generally used in irrigation networks which water is distributed based on on-demand method. Human interference is at minimum level when the system is operated with automation principles in particular. Farmers can control the frequency and duration of irrigation better (Akyol 2012) .
One of the most important issues in the design of on-demand irrigation systems is the calculation of the system discharge. These kinds of discharge can change rapidly depending on the crop pattern, climatic conditions, and on-farm irrigation efficiency and the farmers' demands. The development of the system and on-demand operation performance of irrigation systems require to consider flow regimes changing during the project (Lamaddalena 1997) . When considered that initial investment costs of pressurized irrigation systems are high, low level savings can even reach to a remarkable level for these systems. Thus, the prevalence of computer programs and ease of use of the presented programs obligate to deal with pressurized irrigation systems within a system approach (Beyribey & Balaban 1992) .
There is a tendency to pressurized irrigation systems in Turkey nowadays. Especially, the design and performance analysis of on-demand pressurized irrigation systems have a great importance in this tendency. Recently, many computer simulation models have been developed to reach this purpose around the world. There are many computer models such as COPAM (Lamaddalena 1997) , EPANET (Rossman 2000) , GESTAR (Estrada et al 2009) , ICARE (CTGREF 1979) and AKLA (Lamaddalena 1997; Lamaddalena & Sagardoy 2000) developed by different researchers and based on their own modelling principles to fulfill performance analyses of on-demand pressurized irrigation systems. Several studies have been published on this subject. Calejo et al (2008) evaluated the hydraulic performance of the Lucefecit irrigation network using both ICARE and AKLA simulation models. Lamaddalena & Khila (2012) showed that the characteristic curve of the irrigation network can be obtained using the COPAM software. However, the hydraulic and economic performance analyses of on-demand pressurized irrigation systems have not been sufficiently researched in Turkey. Therefore, the purpose of this study is to reveal optimum design possibilities of the pressurized irrigation systems by applying COPAM model to an ondemand pressurized irrigation system in Turkey for determining the hydraulic system performance and, so, to demonstrate deficiencies by analyzing the performance in terms of system discharge, hydrant pressure heads, pipe diameters of the network and pipe costs.
Material and Methods

The case study network
The COPAM was applied to the pressurized irrigation network of Göbelye, the Faculty of Agriculture at Uludag University, Bursa (Figure 1 ). Irrigation area has altitudes of the highest 104.0 m and the lowest 63.9 m, its average altitude is 85.0 m, and the average slope of the field is 5%. The irrigation water used is supplied from Göbelye Dam which is situated within Uludag University Görükle Campus and has 125 ha irrigation area and the network discharge 217 L s -1 . Irrigation water is conveyed to hydrants 24 (2018) 42-49 44 with piped irrigation system by pumping from the sluice gate to reservoir located on the highest point of irrigation area by two electro pumps. And, it is then distributed to irrigated area from reservoir with the help of gravity. The pressurized irrigation system is designed to be operated by on-demand method and it has 40 hydrants. The elevation of the existing reservoir above sea level is 140 m. The minimum necessary pressure head of each hydrant is H min 25 m. In the system, 9 of total 40 hydrants have discharges of 5 L s -1 and 31 hydrants have discharges of 10 l s -1 . There are also 14 nodes in the project. High density polyethylene (HDPE) pipes were used in the system. 
Hydraulic performance analysis
The COPAM software was used to carry out the hydraulic performance analysis of the system in the study. Also, the pipe diameters of the system were recalculated and the system performance analysis was repeated with COPAM as an alternative scenario.
There are three different configurations of COPAM; calculation of discharge, calculation of pipe diameter, and analysis. There are two modules (Clément and random) in the structure of discharge calculation, a module (optimization) under the structure of pipe diameter calculation and also two modules (configurations and hydrants) under the analysis structure. COPAM performs an optimization with Labye's iterative discontinuous method (ELIDM) extended for several flow regimes models (SFR) for the selection of pipe diameter (Labye 1981; Ait Kadi et al 1990) . Further details about COPAM software can be found in Lamaddalena (1997) and Lamaddalena & Sagardoy (2000) .
In this study, it was identified that there are 1000 random hydrant configurations that operate simultaneously depending on the system discharge varying between the range of 50 and 300 L s -1 . The fact that the number of the examined configurations is high has increased the accuracy of the calculated demand curves. It was identified that the upstream elevation above sea level is 140 m and the required minimum pressure in hydrants is 25 m in the system. To analyze by the model; each hydrant on irrigation system and their elevations above sea level, their distances from the initial point and between them were determined in the first. The technical data such as the diameter and length of pipes related to irrigation system were obtained from the irrigation project. The head losses which occurred at the pipes in regard to the positions of the hydrants on the field were calculated for each of the potential discharge values in order to determine the curves of irrigation system. The head losses occurring at the irrigation system were calculated in Equation 1 by using Darcy-Weisbach equation (Lamaddalena & Sagardoy 2000) .
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; L, the length of pipe (m). The roughness coefficient of Bazin was taken as 0.05 for HDPE pipes used (Lamaddalena & Sagardoy 2000) . AKLA model was used for the reliability analysis of each hydrant with respect to a minimum pressure head H min of 25 m.
Cost analysis
In this study, an economic analysis was carried out in order to determine the change in the existing and recalculated total pipe cost according to alternative scenario. For this purpose, calculations were made using both existing and recalculated (by COPAM) pipe diameters and lengths of the irrigation system. Unit cost for every different HDPE pipe diameter was obtained from market research, and the total pipe cost was estimated by multiplying the pipe diameter and the total pipe length.
Results and Discussion
Hydraulic analysis of irrigation system
Upstream elevation-discharge analysis
The indexed characteristic curves for existing system and alternative scenario are given in Figure 2 . The system was tested to determine what percentage of the configurations created in different discharges (50, 100, 150, 200, 217 , 250 and 300 L s -1 ) and elevations (60, 70, 80, 90, 100, 110, 120, 130 and 140 m) would be met by this system. This test has clearly demonstrated whether the system provides the optimum efficiency with less discharge and upstream elevation under the condition that it meets all of the configurations and the network will be sufficient how to increase the system discharge and upstream elevation under the condition that it meets an insufficent part of the configurations. Figure 2a indicates the configuration analysis curves of the irrigation system. It was drawn for the upstream elevation (140 m) corresponding to the available curved system discharge (217 L s -1 ). It is seen that set point is located on the characteristic curve with P 0 100% according to the available data. It was found that all of the evaluated configurations were met. That is, it is seen that all system discharge meet 100% of the discharge required for all of the evaluated configurations and there is no deficiency of discharge in terms of the configuration. For alternative scenario, it is seen that the characteristic curve of set point P 0 drops to 95% approximately as understood in the figure when the system discharge and elevation are compared for 1000 random hydrant configurations in Figure 2b . This means that as a high value, 95% of the examined configurations are fully satisfied.
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The relative pressure values corresponding to hydrant numbers are given in Figure 3 . Figure 3 helps to identify the hydrants subject to insufficient pressure and assess the insufficiency range. Figure 24 (2018) 42-49 46 3a demonstrates that this hydrant is satisfactory, in terms of the pressure if its relative pressure value is above zero or this hydrant is unsatisfied if its relative pressure value is below zero. The insufficiency increases when points become closer to -1.0. All hydrants are satisfied in terms of pressure in our study as shown in Figure 3a . The curve obtained by excluding 10% probability of the results is used to decide whether there is deficit of the relative pressure in a hydrant (Figure 3a) . This graphic was also obtained depending on the design discharge and upstream elevation. It was concluded that there was no any problem arising from deficit of the relative pressure in hydrants as shown in Figure 3a which it is also supported by reliability test given Figure 4a .
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Figure 3-The relative pressure corresponding to the hydrant numbers
The different results of hydrant analysis were obtained for the new pipe diameters calculated according to alternative scenario (Figure 3b ). The relative pressure values corresponding to hydrant numbers are given in Figure  3b . Figure 3b was obtained by excluding 10% probability of the results of the relative pressure values corresponding to hydrant numbers. The figure was obtained depending on the design discharge and upstream elevation. It is seen that there is scarcely any hydrant which its relative pressure value is below zero in Figure 3b and their relative pressure are above zero to all hydrants formed by excluding 10% probability in Figure 3b . This situation shows that there is not unsatisfied hydrant in the system in terms of pressure.
Reliability test (reliability-hydrant numbers curve)
Any deficiency on the hydrants is defined as the failure of the system. The failure in a pressurized irrigation system is expressed by the decrease in the minimum pressure head of the hydrant required for suitable field irrigation. The reliability value of the analyzed irrigation network is between 0 and 1, and it is a desirable condition that this value is to be 1 or closer to 1. The analyzed irrigation system becomes reliable, because all hydrants have the value of 1 as shown in Figure 4a . The results of the reliability analysis in 217 L s -1 discharge and 1000 random configurations associated with the alternative scenario are seen in Figure 4b . When the distributions of the hydrant reliabilities were investigated on the graphic, all hydrants except two-hydrant were determined to be reliable. According to the The different results of hydrant analysis were obtained for the new pipe diameters calculated according to alternative scenario (Figure 3b) . The relative pressure values corresponding to hydrant numbers are given in Figure 3b . Figure 3b was obtained by excluding 10% probability of the results of the relative pressure values corresponding to hydrant numbers. The figure was obtained depending on the design discharge and upstream elevation. It is seen that there is scarcely any hydrant which its relative pressure value is below zero in Figure 3b and their relative pressure are above zero to all hydrants formed by excluding 10% probability in Figure 3b . This situation shows that there is not unsatisfied hydrant in the system in terms of pressure.
Any deficiency on the hydrants is defined as the failure of the system. The failure in a pressurized irrigation system is expressed by the decrease in the minimum pressure head of the hydrant required for suitable field irrigation. The reliability value of the analyzed irrigation network is between 0 and 1, and it is a desirable condition that this value is to be 1 or closer to 1. The analyzed irrigation system becomes reliable, because all hydrants have the value of 1 as shown in Figure 4a . The results of the reliability analysis in 217 L s -1 discharge and 1000 random configurations associated with the alternative scenario are seen in Figure 4b . When the distributions of the hydrant reliabilities were investigated on the graphic, all hydrants except twohydrant were determined to be reliable. According to the results of the reliability analysis, it can be easily stated that there is not the risky hydrant on the system.
Hydrant analysis in different upstream elevations (percentage unsatisfied hydrantdischarge)
The location of hydrants on on-demand pressurized irrigation systems, create variable pressure heads and this is essential for pumping station to meet the requirement of minimum pressure head on each hydrant. This situation shows that there are more than one irrigation-demand curve on on-demand pressurized irrigation systems (Planells et al 2001; 24 (2018) [42] [43] [44] [45] [46] [47] [48] [49] 47 Pérez et al 2002) . Figure 5 was obtained with the selection of 10% probability curve for points in different elevations ranging from 60 m to 140 m. This figure has demonstrated the discharge corresponding to percentage change of the unsatisfied hydrants for different upstream elevation values above sea level and 10% probability of occurrence of PUH (percentage unsatisfied hydrants). This figure provides information whether it is necessary to reduce or increase upstream elevation above sea level to obtain a less PUH value. All range of PUH (100%-0%) varies between 90 m and 130 m respectively for upstream discharge 217 L s -1 . Thus, it is seen that all hydrants in the irrigation network are unsatisfied in terms of pressure when upstream elevation above sea level is 90 m or none of the hydrants are unsatisfied in terms of pressure when upstream elevation is about 130 m as shown in Figure 5a . As a result, it is realized that adequate pressure can be provided to all hydrants with the available network discharge even if upstream elevation of the irrigation system is designed to be about 130 m.
The model was operated for the different elevations above sea level ranging from 60 m to 140 m and the percentage unsatisfied hydrant curves ( Figure 5b ) were obtained by selecting 10% probability curve for alternative scenario. All range of PUH for upstream discharge 217 L s -1 (100%-0%) are between 110 m and 140 m respectively. Therefore, it is seen that all hydrants in the irrigation network become unsatisfied in terms of pressure in case that upstream elevation above sea level is 110 m as seen in Figure 5b and none of the hydrants become unsatisfied in terms of pressure in the case that upstream elevation is 140 m.
As a result, it was presented that there was not unsatisfied hydrant with 140 m upstream elevation in the hydrant analysis performed in the same system 
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discharge and upstream elevation with smaller pipes in diameter calculated by COPAM without using the available pipe diameters of the irrigation network in the alternative scenario. According to these results, it was observed that pipe diameters reduced by 15%. When the new pipe diameters were calculated in the program instead of pipe diameters of the existing irrigation system, it was seen that there were smaller diameters than the available pipe diameters and almost the same analysis results were obtained with the smaller pipes in diameter. This result is an important finding for evaluating the cost of the system.
Economic assessment
The irrigation system cost, as well as the optimum system design, should be considered for costeffective use of financial resources. The results of an economic evaluation based on pipe diameters and lengths in irrigation system are shown in Table  1 . The total pipe cost for existing conditions and alternative scenario was US$ 570257 and US$ 477396, respectively. The total pipe cost decreased by recalculation of pipe diameters according to alternative scenario. Based on the results of the present study, a decrease of 16% in irrigation system cost without being a significant decrease in hydraulic performance, compared with existing condition, could be obtained with alternative scenario. Considering pipe diameters which were computed using optimization techniques of COPAM, it is understood that pipe diameters of the existing system was not selected properly.
Conclusions
COPAM was useful in evaluating the performance of the pressurized irrigation system Göbelye. It was concluded that the system could operate with 100% efficiency in the discharge value (217 L s -1 ), its set point. None of the hydrant configurations tested in the study had unsatisfied hydrant, and there was any problem arising from pressure insufficiency for the sufficiency of the system in terms of pressure in the hydrant level. It was found that hydrants located on the irrigation system are reliable. When pipe diameters were calculated with COPAM according to the available other data about the system as if the inspected system had been redesigned, it was reached to a striking conclusion that the system performance could be provided without any unsatisfied hydrant by using smaller pipes in diameter. Thus, it is possible to state that the irrigation network could 
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be established with lower investment cost (16%) in terms of pipe diameter without any loss in its hydraulic performance. It can be stated that COPAM developed to apply the performance analysis of on-demand pressurized irrigation networks is very useful for determining the hydraulic performance of the system and the system design. COPAM allowing the simulation of the possibilities arising from many variables can be used especially in the project designs of the large-scale on-demand pressurized irrigation systems leading to the high investment costs and so the appropriate system designs can be performed. The COPAM can be recommended for the institutions which are involved in designing and operating the pressurized irrigation systems.
